ABSTRACT. To elucidate the connection between flower coloration and the expression of genes associated with anthocyanin biosynthesis, a gene encoding UDP-glucose: flavonoid 3-O-glucosyltransferase (UFGT) was isolated, and the expression of the last four genes in the anthocyanin biosynthetic pathway during peach flower development was determined. The nucleotide sequence of the peach UFGT (GenBank accession No. JX149550) is highly similar to its homologs in other plants. Total anthocyanin content initially increased during peach flower development, and then decreased over time. Expression of the four anthocyanin biosynthesis genes increased until the fullbloom stage, and then decreased during late florescence. Expression of F3H, DFR, and UFGT increased dramatically at the full-bloom stage, coinciding with an increase in anthocyanin concentration. The UFGT gene may not be the only gene of the anthocyanin pathway to be differentially controlled in red peach flower tissues. Further studies are needed to genetically and physiologically characterize these genes 
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INTRODUCTION
Color formation in flowers is primarily due to accumulation of secondary metabolites such as anthocyanin, carotenoid, and betalain within the epidermal cells of plants (Mol et al., 1998) . Anthocyanins are water-soluble flavonoids that form one of the main pigments in flowers and accumulate in the vacuoles of epidermal cells or anthocyanoplasts in flower petals Williams, 1998, 2001; Suzuki et al., 2000; Williams and Grayer, 2004; Grotewold, 2006) . Other pigments, such as flavonols, carotenoids, and metal complexes, and factors, such as vacuolar pH and cell shape, influence the final flower pigmentation phenotype (Holton and Cornish, 1995; Katsumoto et al., 2007) . Six major anthocyanidins commonly found in plants are classified according to the number and position of hydroxyl groups on the flavan nucleus: pelargonidin, cyanidin, delphinidin, peonidin, malvidin, and petunidin. The anthocyanin biosynthetic pathway has been well characterized (Forkmann, 1991; Holton and Cornish, 1995) and includes flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), leucoanthocyanidin dioxygenase (LDOX also called anthocyanidin synthase) (Boss and Davies, 2009) , and UDP-glucose: flavonoid 3-O-glucosyltransferase (UFGT), all of which are involved in the formation of colored anthocyanidins. Anthocyanins are predominantly synthesized during petal development, and the expression of anthocyanin biosynthetic enzymes increases during flower color formation (Jackson et al., 1992) .
UFGT catalyzes transfer of the glucosyl moiety from UDP-glucose to the 3-hydroxyl group of anthocyanidins, and this glycosylation step is the key to their stability (Yoshihara et al., 2005) . The expression of the gene encoding UFGT has been consistently associated with pigmented anthocyanins in plants, with UFGT accumulating in the berry skins of all red grape cultivars but not in white cultivars, while the transcripts of other anthocyanin biosynthesis genes involved accumulate in both white and red cultivars (Kobayashi et al., 2001) . In sweet orange, UFGT transcripts are detected in the juice vesicles of blood oranges, but not in blonde oranges (Lo Piero et al., 2005; Cotroneo et al., 2006) . Thus, UFGT plays an important role in color formation in several plants. Although genetic regulation of pigmentation has been studied in the flowers of Phalaenopsis (Chen et al., 2011) , Freesia hybrida (Sui et al., 2011) , Petunia hybrida (Yamazaki et al., 2002) , and Iris hollandica (Yoshihara et al., 2005) , molecular characterization of peach flower color development lags behind that of other flower crops.
MATERIAL AND METHODS

Plant materials
Flowers from three peach cultivars ('Jingmi', 'Chunlei', and 'Red-leaf peach') were Total RNA extraction, purification, and cDNA synthesis Total RNA was isolated from the peach flowers with an improved SDS method (Zhang et al., 2010) . RNA was treated with DNase I (TaKaRa) according to the manufacturer protocol to remove contamination by genomic DNA. An aliquot of RNA was quantified spectrophotometrically and separated by electrophoresis on a 0.8% agarose gel to determine sample integrity. Total RNA samples (1.0 μg) from different tissues were reverse-transcribed using the Fermentas RevertAid TM First-Strand cDNA Synthesis Kit with 1.0 μL oligonucleotide dT primer and 1.0 μL reverse transcriptase according to manufacturer protocols. All cDNA samples were diluted 10-fold with RNase-free water and stored at -20°C before use as a template in cloning and quantitative real-time PCR (qRT-PCR) experiments. 
Cloning the UFGT gene
Only cDNA reverse transcribed from the fruit was used for initial cloning of PpUFGT. The corresponding Prunus avium UFGT full-length cDNA sequences [National Center for Biotechnology Information (NCBI), http://www.ncbi.nlm.nih.gov/guide, GenBank accession No. GU990530.1] were used as querying probes to perform blast searches of the NCBI database and the Prunus persica genomic database of The Genome Database for Rosaceae. The predicted CDS of this gene in peach (ppa005162m) was highly homologous to the gene in P. avium. Based on the predicted CDS sequences of UFGT in peach, specific primers (Table 1) were designed using the Primer 5.0 Software and synthesized by Invitrogen Biotechnology (Shanghai, China).
PCR was performed in 25-μL reaction volumes containing 2.5 μL 10X PCR buffer, 2.5 μL 2.5 mM dNTP mixture, 1.5 μL MgCl 2 , 0.2 μL 5 U/μL Ex Taq polymerase (TaKaRa), 2.0 μL cDNA, 1.0 μL of each gene-specific primer, and 14.3 μL RNase-free water. PCR was performed in an Eppendorf Authorized Thermal Cycler using the following program: 94°C pre-denaturing for 5 min, followed by 38 cycles of 94°C for 1 min, annealing temperature for 1 min (annealing temperatures are shown in Table 1 ), 72°C for 1 min, and 72°C for 10 min. The PCR products were separated by 1.0 to 2.0% agarose gel electrophoresis and visualized by staining with ethidium bromide. The target DNA fragment was purified with the Axyprep DNA Gel Extraction Kit (Aygen Biosciences, USA), then ligated into pMD18-T and transformed into Escherichia coli JM 109. Positive clones were identified by PCR and sequenced by Invitrogen Biotechnology (Shanghai, China).
Expression of F3H, DFR, LDOX, and UFGT during peach flower development
The UFGT-specific primers for qRT-PCR amplification were designed based on the cloned sequences (ORF and one partial cDNA) using the Primer 5.0 Software. The primers for F3H, DFR, and LDOX were designed based on the reported sequences (GenBank accession Nos.: HM543570.1, HM543571.1, HM543572.1). Amplicon lengths were optimized to 100 to 200 bp to ensure optimal polymerization efficiency and minimize the impact of RNA integrity on relative quantification of gene expression. The primers were used to query the predicted peach genome database with BLASTn to confirm the identity of these genes. Before qRT-PCR, each primer pair was tested by standard RT-PCR and electrophoresis on ethidium bromide-stained 2.0% agarose gels to verify amplicon size and specificity. The amplified bands were cloned and sequenced to confirm that they were indeed fragments of the genes targeted. The 18S rRNA sequences were used as reference genes according to the guidelines published by Bustin et al. (2009) . The primer sequences, amplicon sizes, and melting temperatures for each gene and all PCR products are listed in Table 2 .
qRT-PCR with SYBR green
qRT-PCR was performed using a My-IQ 2 (Bio-Rad, USA) and SYBR Premix Ex Taq (TaKaRa, Dalian, China). qRT-PCR was performed in a 20-μL volume containing 1.5 μL diluted cDNA, 0.4 μL of each primer, 10.0 μL Master Mix, and 7.7 μL RNase-free water. Thermo cycling conditions included an initial polymerase activation step for 2 min at 95°C, followed by 40 cycles of 15 s at 95°C for template denaturation, 15 s at 60°C for annealing, and 20 s at 72°C for extension and fluorescence measurement. Each assay was replicated three times with the replicates corresponding to the tissue samples from the three plots in the orchard. Raw fluorescence data from the My-IQ 2 detection system were exported to Microsoft Excel and relative quantification expression levels of the four genes were calculated using the 2 -∆∆CT method (Livak and Schmittgen, 2001 ).
Extraction and analysis of anthocyanins
Extraction and determination of anthocyanin concentrations were according to the methods of Hu et al. (2011) . Fresh materials (0.2 g) were ground and steeped in 20 mL 0.1% HCl methanol for 5 h, then centrifuged at 10,000 rpm for 10 min. Anthocyanin concentrations in the supernatants were determined by absorbance at 530 and 650 nm, calculated using the formula: Q = 0.1 x (A 530 -0.25 x A 650 ) / 0.462 (mg/g FW).
RESULTS
Cloning of full-length PpUFGT
The fragments of each gene cloned from flower petal-derived cDNA were spliced together using the BioXM software (Version 2.6), resulting in a 1579-nt cDNA with a fulllength ORF (1425 bp) encoding a protein of 474 amino acids. The cloned sequence was BLAST searched against the NCBI database. BLAST results for PpUFGT revealed the high- 
Expression analysis of four genes related to the anthocyanin biosynthetic pathway
qRT-PCR was used to quantify expression of four genes related to anthocyanin biosynthesis throughout peach flower development. The relative expression levels of these genes in 'Jingmi', 'Chunlei', and 'Red-leaf peach' followed a similar trend. In these peach cultivars, gene expression strongly increased at stage F, then decreased at stage L. The levels at stages F and L were higher than at stage I (Figure 2) . Generally, UFGT expression was high in 'Red-leaf peach', moderate in 'Chunlei', and low in 'Jingmi', concomitant with the anthocyanin content in these cultivars, especially during the last two stages. F3H and DFR expression followed the same pattern as UFGT. While the expression of LDOX was high in 'Chunlei', moderate in 'Jingmi', and low in 'Red-leaf peach', all levels were much lower those of the other three genes at the last two stages.
Relationship between flower color, anthocyanin accumulation, and transcriptional activity of related genes
The total anthocyanin content during peach flower development increased, followed by a decrease as the flowers matured (Figure 3) . At stage F, the anthocyanin content in the peach flowers of the three cultivars increased significantly in comparison to stage I. In each stage, the anthocyanin content of 'Red-leaf peach' was clearly higher than that of 'Chunlei' and 'Jingmi'. Photographs of the flowers of these cultivars during flower development ( Figure  1 ) suggest the total anthocyanin content is directly proportional to flower color intensity.
The expression of all four genes (F3H, DFR, LDOX, UFGT) was high at stage F, moderate at stage L, and low at stage I. There was a strong positive correlation between F3H, DFR, and UFGT expression and anthocyanin content. At the last two stages of flower development, the expression of F3H, DFR, and UFGT in 'Red-leaf peach' (deep-red cultivar) were significantly higher than in 'Chunlei' (pale-red cultivar) and 'Jingmi' (pale-red cultivar). The expression of LDOX differed from the other three genes; when this observation is considered with the differences in total anthocyanin content in the three cultivars, we conclude that unlike F3H, DFR, and UFGT, the LDOX gene has no direct impact on color formation in peach flowers.
DISCUSSION
Anthocyanins, forming the largest subclass of plant flavonoids, are the main pigments that contribute to flower coloration. The results of this study confirm that anthocyanin content is also the major determinant of the red color in peach flowers (Figure 1; Figure 3 ). Transcript levels of F3H, DFR, LDOX, and UFGT in the flowers of the three sampled cultivars peaked synchronously with the anthocyanin content in the red flowers of these cultivars at stage F (Figure 2) , strongly indicating that the expression of anthocyanin biosynthesis genes correlates with flower color development. It has been similarly established that the four genes related to anthocyanin biosynthesis are coordinately expressed during fruit development and their levels of expression in peach fruit skins are positively correlated to the degree of red coloration (Tomomi, 2004) . Several studies suggest a positive correlation in the expression of genes involved in anthocyanin biosynthesis including LDOX and UFGT, and anthocyanin content (Honda et al., 2002; Ubi et al., 2006) . In the flowers of Phalaenopsis, the expression of these genes is thought to influence flower color formation, and UFGT may be the key enzyme for coloring in orchid flowers (Chen et al., 2011) . In our study, the expression of all four genes increased at stage F, and then decreased at stage L, concomitant with anthocyanin content; expression of F3H, DFR, and UFGT showed a particularly sharp increase at the full-bloom stage when the anthocyanin concentration was highest. In contrast, this rise in the level of LDOX was not evident in the three peach cultivars (Figure 2 ), indicating that this gene may not be directly related to anthocyanin biosynthesis. Our results clearly show that UFGT may not be the only gene in the anthocyanin pathway to be differentially controlled in red peach flower tissues.
In summary, a full-length cDNA encoding the UFGT protein was isolated from P. persica and its functional characterization was confirmed. This study supports additional research on the mechanisms of peach flower coloration and lays a foundation for the development of strategies for changing flower pigmentation through genetic engineering. The fact that regulation of the anthocyanin biosynthesis pathway varies in different plant tissues should prompt wider studies to determine whole plant behavior of the genes involved in this pathway in peach.
